• Study of coke pitch interaction by XPS, FTIR and sessile-drop techniques.
Introduction
Coal tar pitch is widely used as a binder for the granular material (also called the filler) during the carbon anode production in aluminum industry because of their excellent binding properties. In general, the preparation of carbon anodes involve the following three steps: mixing calcined petroleum coke with recycled anodes and butts (all of which constitute the granular material) with the binder pitch to make an anode paste, vibrocompacting or pressing this paste to form green anodes, and finally baking the green anodes to produce baked anodes that are consumed during the alumina electrolysis for aluminum production.
The final properties of baked carbon anodes are partly determined by the interactions that take place in the kneader during the mixing of the paste [1] , [2] and [3] . Pitch has to penetrate through coke pores and fill the voids between the coke particles. Good interaction between coke and pitch is an essential condition for the generation of satisfactory bonding between these two components. The wettability of coke by pitch is a direct indication of the degree of their interaction. The interaction between the filler and the binder depends on the characteristics of the binder (softening point, chemical composition, surface tension, viscosity) and the coke (particle size, texture, chemical functional groups at the surface, porosity, etc.) [4] . A number of authors found that coal tar pitches behave as Newtonian fluids within the temperature range of 140-231 °C at a shear rate ranging from 0.13 to 7 s −1 [5] , [6] and [7] . It implies that pitch viscosity does not vary with the shear rate at constant temperature and pressure during mixing in the kneader. However the mixing efficiency of the kneader is important because it helps disperse and spread pitch around the aggregate and improves the contact [7] .
During anode baking, the carbonization of pitch takes place. New bonds form between the granular material and the carbonized pitch. This keeps the structure intact [8] .
Wetting and, consequently, the quality of interactions between these two components greatly affect the final anode properties. The aim is to produce high density, low electrical resistivity, and structurally sound anodes with good mechanical properties.
Therefore, choosing a coke-pitch pair that has a tendency to form bonds is the first important step for reaching this goal.
The wettability of calcined coke by a molten pitch drop can be characterized with the contact angle formed between the molten pitch drop and the coke bed. The first widely accepted correlation between the interfacial tension and the contact angle for a liquid drop on a solid surface is expressed by the following equation suggested by Young in 1805 [9] :
Equation (1) γ sv= γ sl+ γ lvc o s θ where γ svγsv is the interfacial tension of the solid-vapor interface, γ slγsl is the interfacial tension of the solid-liquid interface, γ lvγlv is the interfacial tension of the liquid-vapor interface, and θ is the contact angle. γ lvγlv is also known as the surface tension.
The calcined petroleum coke is one of the raw materials used for anode production.
Various authors studied the chemical structure of green petroleum cokes by different analytical methods such as FT-IR and XPS for different applications. The importance of calcined coke is not just limited to anode production. It is important to know the chemical structure and the sulfur content of petroleum coke as they are used as fuel in boilers to produce electricity and are attractive feedstock for gasification. Petroleum coke is also utilized in coal blends that are commonly used in steel plants. The chemical functionality often has an effect on petroleum coke [10] .
No significant literature is found on the utilization of FT-IR on calcined coke as the calcined coke has lower absorption characteristics with respect to baseline levels [10] .
The presence of aromatic hydrocarbons in petroleum cokes may be responsible for the chemical activity during the coking process. Different authors studied the XPS spectra of green petroleum coke and carbonaceous materials and found that they contain mostly carbon. In addition, they contain oxygen, nitrogen, sulfur, calcium, and sodium [11] , [12] , [13] and [14] .
A qualitative analysis of different functional groups present in calcined coke was carried out by FT-IR analysis; and based on this information; a quantitative analysis of these functional groups has been done by XPS analysis. XPS is one of the conventional methods better suited to perform quantitative analyses. To understand the nature of interaction between calcined petroleum coke and coal tar pitch, it is also important to study the chemical structure of pitch. The purpose of this study is to evaluate the degree of wetting of cokes by pitches and to investigate their interactive characteristics.
Materials and methodology

Materials
In this study, commercially available calcined petroleum cokes and coal tar pitches have been used for all the tests. The physical and chemical properties of the cokes and the pitches are given in Table 1 and Table 2 . Table 1 . Physical and chemical properties of cokes used in the study. Table 2 . Physical and chemical properties of pitches used in the study.
Sessile drop experimental system
The sessile-drop experimental system consists of a tube furnace (thermolyne 21100), an inconel tube with a pitch injection system, a graphite sample crucible, a digital video camera (B/W, APPRO, model KC), and a secondary rotary vacuum pump (GE, Precision Vacuum Pump, Model D25) (see Fig. 1 ). The compacted coke powder is placed in the sample crucible. The injection chamber holds the solid pitch sample. This chamber has a small hole at the bottom and is placed just above the coke sample during the experiment. In this study, two types of coal tar pitch and three types of petroleum coke used by the industry were tested. Coke particles were grounded, and an average particle size of 125 µm was used for wetting tests. This particle size was also used by other researchers [8] and [15] . The particles were compacted in the sample crucible in order to have a smooth coke bed surface. The experiments were conducted under nitrogen (N2)
atmosphere. There are two entry lines for nitrogen. The main line is directly connected to the Inconel tube for maintaining the inert atmosphere inside this tube. The other line that connects the injection chamber to the inert gas supply carries the N2 gas necessary for slightly pressurizing this chamber in order to force the liquid pitch out on to the solid sample. Pitch is placed in the graphite injection chamber above the substrate holder.
The molten pitch droplet is directly dropped onto the coke substrate by arranging the position of the injection chamber hole. The drop size can be changed by adjusting the hole size. The substrate holder can be removed from the hot region of the furnace by using a specially designed mechanism, and the sample can be quenched for further analysis. A video of the drop is captured for 25 min. The system can capture both static and dynamic images. To measure the contact angle, the FTA 32 software is used. In order to decrease the O2 and humidity content of N2, the gas is passed through O2 (Chromatographic Specialties, Oxygen Trap C36084) and humidity traps (Chromatographic Specialties, Glass Moisture Trap -C36150) before it enters the system. The sessile drop experiments were carried out at two different temperatures (170 °C and 190 °C). For each experiment, the contact angle was taken as the average of the angles measured on two sides of the drop. Each experiment was repeated twice.
Three different cokes and two different pitches were studied using a sessile-drop system in order to understand their interactions. A comprehensive understanding of these interactions helps produce better quality carbon anodes for use in primary aluminum production.
FT-IR analysis
The chemical structure of different coke and pitch samples were examined by FT-IR spectroscopy at room temperature. In addition, three different coke-pitch mixtures (85:15 wt%) were kept at 170 °C and 190 °C for 1 h in N2 atmosphere. Then, the chemical structure of this mixture was also examined by FT-IR analysis in order to compare with those of pure coke and pitch and to determine their interactions. The main objective was to identify the new bond formation in such a mixture which is used in anode production. The IR spectra were collected in the wavenumber range of 500-4000 cm −1 , and the entire spectra were recorded using 4 cm . During the analysis, a separate charge neutralizer was used to compensate for sample charging. Survey spectra were scanned from 1100 to 0 eV binding energy and collected with an analyzer, pass energy (PE) of 160 eV and a step of 0.35 eV. For the high-resolution spectra, the PE of 20 eV with a step of 0.1 eV was used. The XP-spectra fitting was performed using the CASAXPS software. The peak area was evaluated and scaled to the instrument's sensitivity factors after a linear background was subtracted from each peak. The composition was calculated from the survey spectra using the CasaXPS 2.3.16 software.
High-resolution spectra were used to carry out the spectra fitting and the component analysis. The analyzed surface depth of the sample was 2-5 nm.
SEM analysis
Three different coke samples (125 µm) were vacuum-dried for one day at room temperature prior to SEM analysis. Each coke sample was then sputtered with goldplatinum coating using a plasma current of 10 mA, a chamber pressure of 6 × 10 −2 mbar, and a sputtering time of 140 s with a Polaron Range sputter coater. The SEM analysis was done by using JEOL-JSM-6480LV with secondary electron scattering and with a voltage of 20 kV and WD of 16 mm.
Results and discussion
Wettability of different cokes by different pitches at two different temperatures
The change of contact angle with time was found to be nonlinear for all the coke/pitch combinations. Fig. 2 and Fig The results indicate ( Fig. 2a and b ) that all coke/pitch systems studied show similar trends at this temperature. Coke 3 had the highest contact angle, and Coke 1 had the lowest contact angle at all times. If the physical properties of the cokes (Table 1) are compared, it can be seen that the porosity of Coke 1 is the highest and Coke 3 is the lowest. Therefore, this might be one of the factors affecting the wettability since the highest porosity coke is wetted the most and the lowest porosity one is wetted the least by both pitches. Pitch 2 has lower viscosity than that of Pitch 1 at this temperature (Table 2 ). However, the final contact angles are not very different, and those of Pitch 2 are slightly lower. To be able understand their behavior; the chemical surface analysis was carried out. The results of the FT-IR and XPS analyses for cokes and pitches and their relationship to wettability are discussed in the following sections. contact angle changed rapidly for the initial 500 s and reached 0° within 1244 s (Fig. 3a) .
In case of Coke 3, the contact angle changed gradually with time; and even after 1500 s, its value was 32° (Fig. 3a) . The change of contact angle with time found to be fast with Pitch 2, and Coke 1 and Coke 2 were completely wetted by this pitch (Fig. 3b) . For Coke 1, the contact angle change was rapid and reached 0° within 591 s; for Coke 2 however, the contact angle approached 0° within 1030 s (Fig. 3b) . For Coke 3, the contact angles were found to be highest (least wetting) at all times; but, considerable decrease in the dynamic contact angle was observed with increasing temperature. The coke with the highest porosity (Coke 1) had the lowest contact angle while the lowest porosity coke (Coke 3) had the highest contact angle as it was the case at the lower temperature. The lower viscosity pitch (Pitch 2) completely wetted Coke 1 and Coke 2 during the experiment whereas the higher viscosity pitch (Pitch 1) completely wetted only the highest porosity coke (Coke 1).
The initial and final contact angles are shown in Fig. 4 for all cokes and pitches at the two temperatures studied. The initial contact angles of Coke 1 at lower and at higher temperatures are almost the same for Pitch 1; however, for all the other cokes, the initial contact angles are lower at the higher temperature (190 °C) compared to those measured at the lower temperature (170 °C). The initial contact angle of Coke 3 was highest at the lower temperature for both Pitch 1 and Pitch 2 (Fig. 4) . As seen from the contact angle tests, increasing temperature has a favorable effect on the wetting behavior of pitch due to the change in viscosity, which leads to better spreading and penetration of pitch through the porous structure of coke. However, the change in viscosity with temperature seems to affect some cokes more than the others. Therefore, these two analyses are complimentary to each other.
FT-IR analysis
The surface functional groups of the samples were identified with FT-IR. Fig. 5 shows the FT-IR spectra of the three calcined petroleum cokes. The calcined petroleum coke has very low transmission characteristics to baseline levels [10] . The assignment of the bands was done (Table 3) based on the literature FT-IR data for a green coke system because no FT-IR study of calcined coke is documented in the literature. Before the detailed analysis, each sample was tested four times and each of the spectra was obtained by averaging four spectra (see Fig. 5 ). Table 3 . List of functional groups in different petroleum cokes from the FTIR study.
The FT-IR spectra for Coke1 are significantly different than those of Coke 2 and Coke 3 (Fig. 5) . The FT-IR spectra typically display a transmittance band near 3022 cm −1 due to aromatic C H stretching vibrations for Coke 1; but, for other two cokes, the transmittance band was found near 3040 cm −1 due to aromatic C H stretching vibrations. A pattern of transmittance bands between 900 and 700 cm −1 which arose from the out-of-plane vibration of aromatic C H bonds and bands corresponding to aromatic C C bond near 1500 cm −1 were observed for all three coke particles.
Carbonyl and C C bond stretching exhibited transmission peaks close to each other;
and they were sometimes difficult to assign because of the overlap with each other. CO , ortho-substitution groups were noticed. However, no direct information on the exact structure of the coke can be derived from the available FT-IR results.
Since the petroleum coke and the coal tar pitch contain complimentary functional groups, there is a possibility that the functional groups on the coke surface may interact with those present in pitches. Polycyclic aromatic hydrocarbons (PAH) are predominant in pitch. Also, alkylated PAH, PAH with cyclopenteno moieties, partially hydrogenated PAH, oligo-aryl methanes, hetero-substituted PAH:NH2, OH, carbonyl derivatives of PAH, polycyclic hetero-aromatic compounds are found in pitch [21] , [26] and [27] .
Carbonyl and small amounts of phenolic/carboxylic as well as amines (NH) ) stretching vibration (Fig. 7) . In the spectral region of 2700-2900 cm Similar results were obtained for Pitch 2 with all the cokes studied.
XPS analysis
FT-IR analysis was used to identify the chemical functionality of coke and pitch surfaces.
During the XPS analysis, the information obtained from the FT-IR analysis was used to carry out the de-convolution of C1s peak. Atomic percentages of different components for the three different calcined coke samples are presented in Table 4 for the survey spectra and the de-convoluted C1s spectrum. The de-convoluted C1s spectra of calcined cokes are presented in Fig. 8 . It was evident from the XPS results that all the coke samples contained greater quantities of C C and C C bonds and trace amount of oxygen, nitrogen, and sulfur components. Also, it can be seen from Table 4 Fig. 2 and Fig. 3 ). In addition, Coke 3 has the highest sulfur percentage compared to those of the other two cokes. The presence of sulfur containing functional groups might increase the possibility of intra-molecular bonds and thus reduces the wettability. This is also in agreement with the wettability results of Coke 3 which is the least wettable. Also, Coke 1 contains more C C bonds than Coke 2 and Coke 3. While double bonds are stronger than single bonds, they are also more restrictive to movement. The reason double bonds are more reactive is that they contain both σ-bonds and π-bonds. π-bonds are not as strong as σ-bonds and therefore are easier to break; thus π-bonds are the ones that end up reacting more. This might explain the reason for Coke 1 to be wetted best by pitches.
Atomic percentages of the different components of two coal tar pitches studied are presented in Table 5 for the de-convoluted C1s spectrum. The de-convoluted C1s spectrum of coal tar pitches are presented in Fig. 9 . Table 5 . Atomic percentages of different components of two different industrial pitches. Thus, the low quantities of C C bonds in Pitch 2 do not affect the wettability.
Porosity analysis
During the measurement of contact angles by the sessile drop method, 125 µm coke particles were used. This particle size was chosen so that the effect of bed porosity could be minimized. Also, the particles were compacted to minimize the bed porosity.
To study the effect of porosity on wetting, the porosity of the 125 µm coke particles were measured by water pycnometer according to ISO 1014:1985. Due to crushing, porosity may change. The porosity of the bulk material and the porosity of the crushed 125 µm coke particles were plotted, and it was observed that there exists a good correlation between them (see Fig. 10 ). For the particles with the highest bulk porosity, the porosity after crushing remained the highest whereas for the sample having the lowest porosity, the value was found to be the lowest. Fig. 10 . Correlation between % porosity of crushed and coarse particle of calcined petroleum cokes.
To study the effect of physical and chemical wetting, the contact angle measurements were performed using 40 µm particles. Usually, the real density of coke is measured using 40 µm particles. This eliminates the effect of porosity. Fig. 11 shows that the trends found for the wetting angles with 125 µm and 40 µm particles are the same. The value with the 40 µm particles was found to be slightly higher than that for the 125 µm although there are also larger pores in addition to some interconnected pores. The presence of very small pores prevents the penetration of pitch into the coke particles [28] and reduces the wetting of coke by pitch. It is possible that the structural differences affect the wetting behavior of pitch into pores. Apparently, Coke 3 has the lower pores; but since coke is highly nonhomogeneous, SEM images may not represent the actual pore distribution in the bulk of the coke sample. XPS results showed that Coke 3 is significantly different from the other two cokes in terms of chemical composition. Coke 1 has more oxygen and nitrogen groups which might be the reason for its better wettability as these two surface functional groups are easy to decompose and interact with those of pitch. Also, Coke 1 contains more carbon double bonds which are reactive. However, Coke 3 contains high quantities of C S bonds on the surface resulting in its low wettability by two pitches studied compared to the wettability of other cokes. This might be due to the possibility that sulfur atoms on the surface of the coke might form intra or inter molecular hydrogen bonds, which makes them unavailable for hydrogen bonding with pitch. Also Coke 1 is more porous (see Table 1 ), which could lead to better penetration of pitches into the pores. It is quite evident that an SEM image of coke which is highly nonhomogeneous does not illustrate the actual pore distribution in the bulk of the coke sample. It is also evident that the surface functional groups predominantly control the wetting when the effect of porosity is eliminated.
Pitch 2 penetrates better into coke due to its lower viscosity (Table 2 ) and higher content of nitrogen and oxygen functional groups compared to Pitch 1. The exact mechanism of pitch/coke interactions is not evident, and further work is needed to understand this mechanism.
